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HIGHLIGHTS 


►  A  direct  carbonization  method  was  developed  to  prepare  porous  carbon. 

►  UF  resins  can  not  only  serve  as  carbon  source  but  also  as  nitrogen  source. 

►  The  surface  areas  and  pore  structures  of  porous  carbon  can  be  simply  tuned. 

►  The  carbon  sample  exhibits  excellent  long-term  electrochemical  stability. 
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Nitrogen-doped  porous  carbons  have  been  prepared  by  a  direct  carbonization  of  the  mixture  of  urea 
formaldehyde  resins  ( abbr .  UF  resins)  and  calcium  acetate  monohydrate.  The  experimental  results  reveal 
that  the  mass  ratios  of  UF  resins-to-Ca(OAc)2-H20  and  carbonization  temperatures  can  play  crucial  roles 
in  the  formation  of  porous  carbon  with  various  surface  area  and  structure  as  well  as  determining  the 
carbons’  surface  areas,  pore  structures  and  capacitive  performance.  The  UF-Ca-700-3:l  sample  exhibits 
much  large  specific  capacitances  ca.  334.8  F  g-1  and  224.0  F  g  1  at  the  current  density  of  0.5  and  1.0  A  g  1 
in  6.0  mol  L  1  aqueous  KOH  aqueous  electrolyte,  respectively.  The  UF-Ca-900-3:l  displays  more  superior 
rate  capability,  which  can  possess  high  specific  capacitance  retention  as  ca.  67.1%  and  51.4%  at  the  high 
current  densities  of  20  and  40  A  g  respectively.  In  addition,  a  capacity  fading  lower  than  1%  after  5000 
cycles  of  charging  and  discharging  is  obtained,  indicating  its  long-term  electrochemical  stability. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Carbon  materials,  such  as  activated  carbons,  carbon  nanotubes 
and  graphene  have  attracted  very  broad  attention  due  to  low  cost, 
variety  of  form  (powders,  fibers,  aerogels,  composites,  sheets, 
monoliths,  tubes  etc.),  ease  of  processability,  inert  electrochemistry 
and  controllable  porosity  [1,2],  Consequently,  carbon  electrodes 
have  been  extensively  applied  in  supercapacitor  devices,  commonly 
exhibiting  long  durability,  high  specific  power  (more  than 
10  kW  kg-1)  and  high  dynamic  of  charge  propagation,  which  can 
bridge  the  gap  between  batteries  and  dielectric  capacitors  [3-5], 
Among  them,  porous  carbons  are  particular  interest  because  of 
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their  high  surface  area,  tunable  pore  size  and  distribution  [6,7], 
Various  methods  were  proposed  to  prepare  porous  carbons  with 
adjustable  pore  structures.  Knox  et  al.  developed  a  template 
method  for  the  synthesis  of  porous  carbons  [8],  The  template 
method  can  be  classified  into  soft  template  and  hard  template.  Soft 
templates  are  thermally  unstable  organic  molecules,  which  can  be 
removed  by  calcining  the  starting  framework,  accompanied  with 
the  formation  of  porous  carbons.  Hard  templates,  possessing 
inherited  porosity,  are  usually  infiltrated  with  carbon  precursor, 
followed  by  carbonization  and  etching  of  the  template  using  NaOH 
or  HF  solution.  As  a  result,  porous  carbons  appear  with  the  pore  size 
and  structure  being  an  inverse  replica  of  that  from  the  original 
template  [9—11].  So  far,  several  kinds  of  impressive  hard  templates 
for  preparing  porous  carbons  have  been  proposed,  including  silica 
[12],  zeolite  [13],  MgO  [14],  Mg(OH)2  [15],  anodized  aluminum 
oxide  (AAO)  [16], 

Urea  formaldehyde  resins  (abbr.  UF  resins),  also  known  as  urea- 
methanal,  is  a  non-transparent  thermosetting  resin  or  plastic,  made 


if.  /  Journal  of  Power  Sources  230  (2013)  50—58 


X.Y.  Chen  et  al 


Fig.  1.  Schematic  routes  showing  the  production  of  porous  carbon  by  heating  UF  resins 
and  Ca(0Ac)rH20  with  mass  ratios  of  1:1  and  3:1  at  carbonization  temperatures  of 
700,  800  and  900  °C,  in  which  Ca(0Ac)2H2O  serves  as  hard  template. 


from  urea  and  formaldehyde  heated  in  the  presence  of  a  mild  base 
such  as  ammonia  or  pyridine.  These  resins  are  used  in  adhesives, 
finishes,  medium  density  fiberboard  (MDF),  and  molded  objects. 
Taking  into  accounts  the  composition  of  UF  resins,  the  carbons 
derived  from  UF  resins  especially  with  high  content  of  nitrogen  in 
carbon  matrix  are  expected  to  display  excellent  capacitive  perfor¬ 
mance  because  nitrogen  dopant  can  cause  a  shift  of  the  Fermi  level 
to  the  valence  band  in  carbon  electrode,  thereby  facilitating  the 
electron  transfer  [17],  The  precursor  can  be  used  as  a  starting 
material  for  the  fabrication  of  nitrogen-doped  porous  carbon. 

Here,  we  report  a  template  synthetic  method  to  prepare 
nitrogen-doped  porous  carbons  by  the  direct  carbonization  of  the 
mixture  of  UF  resins  and  calcium  acetate  monohydrate 
(Ca(0Ac)2-H20)  without  further  chemical/physical  activation 
process,  hereinto  calcium  acetate  monohydrate  acts  as  hard 
template.  We  found  that  the  mass  ratios  of  UF  resins-to- 
Ca(0Ac)2  H20  and  carbonization  temperatures  affect  the  surface 
area  and  morphologies  of  porous  carbon.  The  nitrogen-doped 
porous  carbon  can  be  directly  used  as  supercapacitor  electrodes. 
A  remarkable  specific  capacitance  of  334.8  F  g-1  has  been  obtained 
using  UF-Ca-700-3:l  sample.  Moreover,  the  improved  cycle 
stability  (a  capacity  fading  lower  than  1%  with  5000  cycles)  can  be 
achieved  toward  the  UF-Ca-900-3:l  sample. 

2.  Experimental 

All  the  chemicals  were  purchased  from  Sinopharm  Chemical 
Reagent  (Shanghai)  Co.  Ltd  with  analytical  grade,  and  were  used  as 
received  without  further  treatment. 

In  a  typical  experiment,  the  UF  resins  were  first  heated  at  800  °C 
for  2  h  under  Ar  flow  to  obtain  UF-800-blank.  In  order  to  investi¬ 
gate  the  effect  of  calcium  acetate  monohydrate  on  the  formation  of 
pore  structures  within  carbons,  UF  resins  and  Ca(0Ac)2-H20  with 
mass  ratios  of  1:1  and  3:1  were  heated  together  at  the  carboniza¬ 
tion  temperatures  of  700/800/900  °C  for  2  h  under  Ar  flow.  The 
resulting  products  were  named  as  UF-Ca-700/800/900-l:l/3:l.  The 
schematic  routes  and  the  unit  structure  of  UF  resin  are  depicted  in 
Fig.  1. 

2.1.  Typical  synthetic  procedure  for  UF-Ca-900-3:l  sample 

UF  resins  and  Ca(0Ac)2-H20  powder  with  the  mass  ratio  of  3:1 
were  first  ground,  and  then  placed  in  a  porcelain  boat,  flushing  with 
Ar  flow  for  30  min,  and  further  heated  in  a  horizontal  tube  furnace 
up  to  900  °C  at  a  rate  of  5  °C  min-1  and  maintained  at  900  °C  for  2  h 
under  Ar  flow.  The  resultant  product  was  immersed  with  dilute  HC1 


solution  to  remove  soluble/insoluble  substances,  subsequently 
washed  with  adequate  deionized  water  until  pH  =  7.  Finally,  the 
sample  was  dried  under  vacuum  at  120  °C  for  12  h  to  obtain  the  UF- 
Ca-900-3:l  sample. 

2.2.  Characterization 

X-ray  diffraction  (XRD)  patterns  were  obtained  on  a  Rigaku  D/ 
MAX2500V  with  Cu  Ka  radiation.  Field  emission  scanning  electron 
microscopy  (FESEM)  images  were  taken  with  a  Hitachi  S-4800 
scanning  electron  microscope.  X-ray  photoelectron  spectra  (XPS) 
were  obtained  on  a  VG  ESCALAB  MK  II  X-ray  photoelectron  spec¬ 
trometer  with  an  exciting  source  of  Mg  Ka  (1253.6  eV).  The  specific 
surface  area  and  pore  structure  of  the  carbon  samples  were 
determined  by  N2  adsorption-desorption  isotherms  at  77  K 
(Micrometries  ASAP  2020  system)  after  being  vacuum-dried  at 
200  °C  overnight.  The  specific  surface  area  was  calculated  by  the 
conventional  BET  (Brunauer-Emmett-Teller)  method.  The  pore  size 
distribution  (PSD)  plot  was  recorded  from  the  adsorption  branch  of 
the  isotherm  based  on  the  Barrett— Joyner— Halenda  (BJH)  model. 

2.3.  Electrochemical  measurements 

In  order  to  evaluate  the  capacitive  performances  of  the  as- 
prepared  carbon  samples  (~4  mg)  in  electrochemical  capacitors, 
a  mixture  of  80  wt%  the  carbon  sample,  15  wt%  acetylene  black  and 


2  Theta  (deg.) 

Fig.  2.  XRD  patterns  of  the  UF-Ca-800-3:l  sample  before  (a)  and  after  (b)  being 
washed  with  aqueous  HC1  solution  and  deionized  water  to  remove  any  unwanted 
impurities;  as  well  as  the  contrast  XRD  patterns  of  the  (c)  UF-Ca-700-3:l,  (d)  UF-Ca- 
800-3:1  and  (e)  UF-Ca-900-3:l  samples.  Notes:  *  =  hexagonal  CaC03  (JCPDS  card  no. 
47-1743);  &  =  orthorhombic  CaC03  (JCPDS  card  no.  71-2396);  #  =  cubic  CaO  (JCPDS 
card  no.  37-1497);  $  =  hexagonal  Ca(OH)2  (JCPDS  card  no.  04-0733). 
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5  wt%  polytetrafluoroethylene  (PTFE)  binder  was  fabricated  using 
ethanol  as  a  solvent.  Slurry  of  the  above  mixture  was  subsequently 
pressed  onto  nickel  foam  under  a  pressure  of  20  MPa.  serving  as  the 
current  collector.  The  prepared  electrode  was  placed  in  a  vacuum 
drying  oven  at  120  °C  for  24  h.  A  three  electrode  experimental  setup 
taking  a  6.0  mol  L-1  KOH  aqueous  solution  as  electrolyte  was  used 
in  cyclic  voltammetry  and  galvanostatic  charge— discharge 
measurements  on  an  electrochemical  working  station  (CHI660D, 
ChenHua  Instruments  Co.  Ltd.,  Shanghai).  Here,  the  prepared 
electrode,  platinum  foil  (6  cm2)  and  saturated  calomel  electrode 
(SCE)  were  used  as  the  working,  counter  and  reference  electrodes, 
respectively.  The  whole  electrochemical  measurements  were 
carried  out  at  ~25  °C. 

3.  Results  and  discussion 

The  component,  crystallinity  and  purity  of  the  as-prepared 
samples  were  studied  by  XRD  technique.  Upon  directly  heating 
UF  resins  and  Ca(0Ac)2-H20  with  mass  ratio  of  3:1  at  carbonization 
temperatures  of  900  °C,  lots  of  darkish  product  engendered  and  its 
powder  XRD  pattern  is  given  in  Fig.  2a,  indicating  its  component  of 
CaCC>3,  CaO  and  Ca(OH)2.  According  to  the  TGA-DTA  analysis  in  the 
temperature  range  of  20—1000  °C  [18,19],  the  thermal  decompo¬ 
sition  of  Ca(0Ac)2  -H20  can  be  primarily  divided  into  three  stages. 
At  the  temperature  range  of  180—220  °C,  Ca(OAc)2-H20  can  lose 
H20  molecule  to  form  anhydrous  Ca(OAc)2,  which  further  decom¬ 
pose  to  acetone  and  CaC03  at  340-480  °C.  Following  this,  CaC03 
will  decompose  to  form  CaO  and  CO2  beyond  the  temperature  of 
803  °C.  Therefore,  in  present  work,  CaO  is  the  decomposition 
product  of  CaC03  derived  from  Ca(OAc)2  while  the  formation  of 
Ca(OH)2  is  incurred  by  the  deliquescence  of  CaO.  The  existence  of 
CaC03  in  the  products  can  also  be  evidenced  by  the  appearance  of 


massive  bubbles  when  introducing  aqueous  HC1  solution.  Besides, 
the  in  situ  formed  CaO  and/or  CaC03  can  act  as  hard  templates  for 
the  formation  of  porous  carbon  structures,  whereas  the  CO2  gas 
from  the  decomposition  of  CaC03  might  somewhat  react  with 
carbon  sample  as  an  activation  agent. 

After  being  washed  with  aqueous  HC1  solution  and  deionized 
water  to  remove  any  unwanted  impurities,  broad  and  low-intensity 
carbon  diffraction  peak  centering  at  25.70°  (2 6  value,  correlative 
with  Bragg  Equation:  2dsin  8  =  A)  appears,  as  shown  in  Fig.  2b. 
Compared  with  the  standard  28  value  for  hexagonal  graphite 
(26.23—26.38°),  the  present  one  (25.70°)  shift  to  lower  direction 
with  obvious  augmentation  of  interplanar  spacings  of  (002)  plane, 
authentically  revealing  the  amorphous  nature  or  low  degree  of 
crystallinity.  On  the  other  hand,  to  investigate  the  impact  of 
carbonization  temperature  upon  the  crystallinity  of  carbons, 
contrast  experiments  were  carried  out  at  700,  800  and  900  °C, 
respectively.  It  is  seen  in  Fig.  2c-e  that  three  diffraction  peaks  are 
basically  the  same  in  shape.  However,  by  careful  observation  upon 
(002)  plane,  we  can  discern  that  the  28  values  gradually  shift  to 
higher  direction  toward  UF-Ca-700-3:l,  UF-Ca-800-3:l  and  UF-Ca- 
900-3:1  samples.  In  the  light  of  Bragg  Equation,  it  is  thus  concluded 
that  higher  carbonization  temperature  can  favor  for  the  enhance¬ 
ment  of  crystallinity  of  carbons. 

The  shapes  and  sizes  of  the  carbon  samples  prepared  by  heating 
UF  resins  with/without  Ca(OAc)2-H20  at  various  carbonization 
temperatures  of  700—900  °C  were  investigated  by  FESEM  tech¬ 
nique.  Markedly,  when  heating  the  precursors  at  elevated 
temperatures  especially  beyond  300  °C,  large  quantity  of  black 
smoke  emerges  out  of  the  tubular  furnace,  which  are  probably 
beneficial  to  the  formation  of  porous  structures  within  carbon 
materials.  This  phenomenon  is  to  some  extent  consistent  with  the 
TGA  result  toward  UF  resins,  in  which  predominate  mass  loss 


Fig.  3.  FESEM  images  of  the  (a)  UF-800-blank,  (b)  UF-Ca-700-3:l,  (c)  UF-Ca-800-3:l  and  (d)  UF-Ca-900-3:l  samples. 
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occurs  at  the  carbonization  temperatures  of  250—400  °C  [20], 
Fig.  3a  shows  the  representative  FESEM  image  of  UF-800-blank, 
which  takes  on  irregular  shapes  with  sizes  of  several  micrometers 
and  especially  some  parts  possess  porous  structures  by  careful 
observation.  Besides,  the  UF-Ca-700-3:l,  UF-Ca-800-3:l  and  UF- 
Ca-900-3:l  samples  all  consist  of  large  numbers  of  irregular  block 
particles  of  several  micrometers  in  sizes  with  large-scale  cavities 
covering  on  their  surfaces,  as  displayed  in  Fig.  3b-d.  With  respect 
to  the  micro/meso-pores  existing  in  these  particles,  they  will  be 
further  detected  by  the  following  N2  adsorption/desorption 
analysis. 

The  empirical  composition,  chemical  state  and  electronic  state 
of  the  elements  existing  within  the  present  carbon  samples  were 
quantitatively  determined  by  XPS  technique.  Taking  into  account 
the  unit  structure  of  UF  resins  depicted  in  Fig.  1,  high  nitrogen 
contents  are  expected  to  appear  in  the  carbon  products.  As  a  result, 
this  speculation  was  approved  by  the  survey  spectra  (0-1400  eV)  of 
the  UF-Ca-700-3:l,  UF-Ca-800-3:l  and  UF-Ca-900-3:l  samples,  as 
shown  in  Fig.  4a.  All  these  carbon  samples  are  basically  composed 
of  C,  N  and  O  elements  without  any  other  obvious  impurities. 
Furthermore,  considering  the  intensity  discrepancies  of  elements  in 
Fig.  4a,  diverse  contents  especially  the  case  of  N  Is  must  occur  in 
the  products,  mainly  incurred  by  the  different  carbonization 
temperatures. 

Fig.  4b  demonstrates  the  asymmetric  C  Is  spectra  ranging  from 
280.0  to  297.5  eV  of  the  UF-Ca-700-3:l,  UF-Ca-800-3:l  and  UF-Ca- 
900-3:1  samples,  which  can  be  primarily  fitted  as  three  peaks 
centering  at  ca.  284.6,  285.8  and  287.8  eV,  respectively.  In  details, 


the  peak  at  ca.  284.6  eV  proves  the  graphitic  carbon,  corresponding 
to  the  energy  of  the  sp2  C=C  bond  in  Cls  spectrum  of  pyrolytic 
graphite.  The  peak  at  ca.  285.8  eV  can  be  assigned  as  sp3  C-C/C-H 
bonds  while  the  one  ca.  287.8  eV  attributes  to  -C=0/N-C=N 
bonds  [21,22],  On  the  other  hand,  four  nitrogen  species 
commonly  exist  in  nitrogen-containing  carbon,  including  pyridinic 
nitrogen  (398.6  ±  0.3  eV),  pyrrolic  nitrogen  (400.5  ±  0.3  eV), 
graphitic  nitrogen  (also  as  quarternary  nitrogen,  401.3  ±  0.3  eV), 
oxided  pyridinic  nitrogen  (402-405  eV)  [23-25],  Fig.  4b  shows  the 
asymmetric  N  Is  spectra  ranging  from  392.0  to  408.0  eV  of  the  UF- 
Ca-700-3:l,  UF-Ca-800-3:l  and  UF-Ca-900-3:l  samples.  All  the  N 
Is  spectra  can  be  approximately  divided  into  three  peaks  centering 
at  ca.  398.4,  399.8  and  400.8  eV,  corresponding  to  pyridinic 
nitrogen,  pyrrolic  nitrogen  and  graphitic  nitrogen,  respectively. 
Finally,  the  total  XPS  peak  analyses  of  the  carbon  samples  were 
summarized  in  Table  1.  Apparently,  along  with  the  enhancement  of 
carbonization  temperature  from  700  to  900  °C,  the  carbon  content 
increases  while  the  nitrogen  and  oxygen  contents  decrease,  espe¬ 
cially  the  pronounced  change  in  case  of  900  °C.  This  is  probably 
induced  by  the  volatilization  of  nitrogen/oxygen  species  at  elevated 
carbonization  temperature. 

The  specific  surface  areas  and  pore  structures  of  the  carbon 
samples  were  measured  by  N2  adsorption-desorption  technique  at 
77  K.  Fig.  5a  shows  the  typical  hysteresis  loops  with  sharp  capillary 
condensation  steps  (P/Po  >  0.45)  toward  the  UF-Ca-700-3:l,  UF-Ca- 
800-3:1  and  UF-Ca-900-3:l  samples.  All  hysteresis  loops  corre¬ 
spond  to  type-IV  according  to  the  IUPAC  classification,  basically 
demonstrating  their  mesoporous  structures  with  strong  affinities 


Binding  Energy  (eV) 


(d) 

H 

jOl 

^  *  O’ 

0 

6 

w 

© 

oxidized 

pyridinic  N 

pyrrolic  N 

graphitic  N 

pyridinic  N 

Fig.  4.  XPS  spectra  of  the  carbon  samples:  (a)  survey,  (b)  Cls  and  (c)  Nls.  Four  types  of  nitrogen  species  commonly  reported  in  nitrogen-doped  carbon  materials  (d). 
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Table  1 

XPS  peak  analysis  of  the  carbon  samples. 

Sample  C  (at.  X)  N  (at  %)  0  (at.  X) 

UF-Ca-700-3:l  77.01  14.12  087 

UF-Ca-800-3:l  76.84  13.68  9.48 

UF-Ca-900-3:l  87.91  5.05  7.04 


[26],  Besides,  on  the  basis  of  the  modern  classification  of  hysteresis 
loops,  the  hysteresis  loops  in  Fig.  5a  can  be  assigned  to  type  H-3, 
which  does  not  exhibit  any  limiting  adsorption  at  high  P/P0.  It  is 
believed  that  this  type  of  isotherm  occurs  with  aggregates  of  plate¬ 
like  particles  giving  rise  to  slit-shaped  pores  [27],  Furthermore,  the 
relative  pressure  ranges  corresponding  to  capillary  condensation 
become  much  wider  in  shape  when  increasing  the  carbonization 
temperatures  from  700  to  900  °C,  probably  revealing  the  occur¬ 
rence  of  pore  propagation  and  pore-widening  on  the  channel-like 
mesopores  [28],  Fig.  5b  shows  the  pore  size  distribution  curves 
recorded  from  the  adsorption  branch  of  the  isotherm  based  on  BJH 
model,  obviously  proving  their  multi-modal  pore  structures.  The 
coexistence  of  micro/meso/macro-scale  pores  in  present  work  are 
believed  to  be  ideal  for  supercapacitor,  due  to  the  actual  energy 
storage  occurring  predominately  in  the  smaller  micropores  while 
the  larger  pores  provide  fast  mass-transport  of  electrolytes  to  and 
from  the  micropores  [5,29], 

On  the  other  hand,  as  revealed  in  Table  2,  the  carbonization 
temperature  plays  a  vital  role  in  determining  the  BET  surface  area 


Pore  Diameter  (nm) 

Fig.  5.  N2  adsorption/desorption  isotherms  and  pore  size  distribution  curves  of  the 
carbon  samples. 


(Sbet)  and  total  pore  volume  (Vp)  of  the  carbons.  In  case  of  Sbet 
value,  the  UF-Ca-800-3:l  and  UF-Ca-900-3:l  samples  have 
increased  up  to  ca.  249.2%  and  688.3%,  respectively,  in  contrast  to 
that  of  the  UF-Ca-700-3:l  sample.  The  W  values  of  UF-Ca-800-3:l 
and  UF-Ca-900-3:l  samples  have  respectively  increased  up  to  ca. 
150.0%  and  464.3%,  compared  with  that  of  the  UF-Ca-700-3:l 
sample.  Besides,  the  micropore  area  and  external  surface  area 
values  are  nearly  equal,  as  listed  in  Table  2,  incredibly  indicating 
that  the  contributions  from  micropore  and  larger  pores  (meso -/ 
macropores)  are  approximately  identical. 

The  electrochemical  behaviors  were  examined  by  cyclic  vol¬ 
tammetry  (CV)  technique  performed  in  a  potential  range  of  -1.0- 
0  V.  Fig.  6  shows  the  CV  curves  of  the  UF-Ca-700-3:l,  UF-Ca-800- 
3:1  and  (d)  UF-Ca-900-3:l  samples  at  the  scan  rates  of  20/50/100/ 
200  mV  s-1.  In  case  of  20  mV  s-1,  as  given  in  Fig.  6a,  the  UF-Ca-900- 
3:1  sample  exhibits  an  almost  ideally  rectangular  shape,  showing 
almost  mirror  images  with  respect  to  the  zero-current  line,  which  is 
characteristic  of  an  electric  double-layer  capacitor  (EDLC)  [30], 
However,  the  CV  curves  toward  UF-Ca- 700-3:1  and  UF-Ca-800-3:l 
greatly  deviate  from  rectangular  shape,  probably  incurred  by 
higher  contents  of  oxygen-containing  functional  groups  on  the 
surfaces  of  the  electrodes  [31],  which  to  some  extent  accords  with 
the  XPS  values  shown  in  Table  1.  Besides,  all  the  CV  curves  in  Fig.  6a 
possess  no  obvious  oxidation/reduction  peaks,  revealing  no 
pseudo-capacitance  involved  or  very  little  contribution  from  redox 
reaction.  Furthermore,  according  to  the  integral  areas  surrounded 
by  CV  curves,  it  can  be  qualitatively  discerned  that  the  UF-Ca-900- 
3:1  sample  has  the  largest  specific  capacitance  while  those  of  UF- 
Ca-700-3:l  and  UF-Ca-800-3:l  samples  are  much  lower  and 
almost  the  same  in  areas.  The  incline  of  the  CV  curves  in  Fig.  6a 
reveals  that  a  resistive  component,  mainly  due  to  a  hindered 
mobility  of  ions  in  micropores  and/or  a  low  electrical  conductivity 
of  the  electrode,  is  involved  in  the  charging  process.  The  impact  of 
resistive  component  becomes  smaller  as  the  activation  tempera¬ 
ture  increases  [32],  Hence,  the  UF-Ca-900-3:l  sample  shows  the 
lowest  resistance  and  the  highest  capacitance,  compared  with  the 
other  samples,  which  certainly  relative  with  its  highest  values  of 
Sbet  (ca.  1009  m2  g-1)  and  Vf  (ca.  0.79  cm3  g  1 ),  as  displayed  in 
Table  2. 

When  further  increasing  the  scan  rates  to  50/100/200  mV  s“* 
the  CV  curve  of  the  UF-Ca-900-3:l  sample  can  retain  the  approx¬ 
imately  rectangular  behavior  whilst  those  of  UF-Ca-700-3:l  and 
UF-Ca-800-3:l  samples  become  more  distorted  in  shape,  as  shown 
in  Fig.  6b— d.  As  was  reported,  the  CV  curve  shape  and  the  specific 
capacitance  for  activated  carbon-based  electrodes  can  significantly 
degrade  as  the  voltage  scan  rate  is  increased  [33].  Nevertheless,  the 
UF-Ca-900-3:l  sample  in  present  work  can  exhibit  excellent  CV 
behavior  at  wide  scan  rates  from  20  to  200  mV  s_1,  always  showing 
approximately  rectangular  shape.  For  small  potential  scan  rates, 
electrolytes  have  adequate  time  to  enter  into  micropores,  and 
micropores  were  effectively  used  for  forming  double-layer  capaci¬ 
tance  [34],  Another  possible  reason  for  the  insensitivity  to  varying 
voltage  scan  rates  is  a  short  and  equal  diffusion  path  length  of  the 
ions  in  the  electrolyte  [35], 


Table  2 

Characteristic  surface  areas  and  pore  structures  of  the  carbon  samples. 


Langmuir  Total  pore  Micropore  Average 
surface  volume  volume  pore 
area  (cm3  g-1)  (cm3  g~3)  width 
(m2  g-1) (nm) 


UF-Ca-700-3:l  128  61  67  172  0.14  0.03  4.4 

UF-Ca-800-3:l  441  280  161  588  0.35  0.13  3.2 

UF-Ca-900-3:l  1009  471  538  1370  0.79  0.21  3.1 


Notes:  1.  Smicro  represents  the  micropore  area;  2.  Sextemai  represents  the  external 
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Given  the  excellent  CV  behaviors  including  shapes  and  areas  (in 
Fig.  6)  toward  the  UF-Ca-900-3:l  sample,  we  specially  investigated 
its  CV  curves  at  various  scan  rates  ranging  from  5  to  400  mV  s_1,  as 
depicted  in  Fig.  7a.  Apparently,  along  with  the  increase  of  scan 
rates,  the  CV  curves  nearly  retain  the  rectangular  shapes  even  at 
high  scan  rate  of  400  mV  s-1  Fig.  7b  displays  the  galvanostatic 
charge-discharge  curves  measured  at  various  current  densities 
from  0.5  to  20  A  g _1,  in  which  all  curves  exhibit  favorable  symmetry 
and  linearity  with  almost  constant  slopes  in  a  potential  range  of 
-1.0—0  V.  Furthermore,  increasing  the  current  density  can 
remarkably  decrease  the  charge-discharge  time  because  the 
electrolyte  ions  have  sufficient  time  to  enter  and  diffuse  into  the 
porosity  at  lower  current  densities  [36],  That  is  to  say,  at  the  current 
density  of  0.5  A  g-1,  the  UF-Ca-900-3:l  sample  exhibits  the  utmost 
charge-discharge  time  (i.e.,  specific  capacitance). 

To  comparatively  study  the  capacitive  performances  of  the 
present  carbons,  galvanostatic  charge-discharge  measurements 
designated  at  the  current  density  of  10  A  g-1  were  conducted  and 
the  resultant  profiles  are  given  in  Fig.  7c.  It  is  clear  to  us  that  the  UF- 
Ca-900-3:l  sample  possesses  the  optimal  capacitive  performance 
mainly  owing  to  its  large  charge-discharge  time  and  symmetric 
profile. 

The  specific  capacitances  of  active  electrode  materials  can  be 
calculated  according  to  the  following  equation: 

Cm  —  lxt 
AV  x  m 

where  Cm  (F  g-1)  is  the  specific  capacitance  of  the  electrode  based 
on  the  mass  of  active  materials;  /  (A)  is  the  discharge  current;  t  (s)  is 
the  discharge  time;  AV  (V)  is  the  potential  window  (in  present 


work,  AV  =  1.0  V);  and  m  (mg)  is  the  mass  of  active  materials  loaded 
in  working  electrode. 

Resultantly,  specific  capacitances  of  the  present  carbons  at 
various  current  densities  from  0.5  to  40  A  g-1  are  shown  in  Fig.  7d. 
In  cases  of  the  current  densities  as  0.5/1.0/2.0  A  g-1,  the  UF-Ca-700- 
3:1  sample  has  relatively  large  specific  capacitances  (Cm,  F g  ’)  and 
the  utmost  one  is  of  ca.  334.8  F  g -1  at  the  current  density  of 
0.5  A  g-1.  The  present  performances  are  much  better  than  the 
capacitive  results  previously  reported  [37],  primarily  owing  to  the 
incorporation  of  nitrogen  species  within  porous  carbons.  However, 
the  UF-Ca-700-3:l/UF-Ca-800-3:l  sample’s  specific  capacitances 
sharply  decrease  in  cases  of  the  current  densities  beyond  3.0  A  g  ’. 
Contrarily,  the  UF-Ca-900-3:l  sample  can  possess  high  retention  as 
ca.  67.1%  and  51.4%  at  the  high  current  densities  of  20  and  40  A  g~\ 
respectively,  clearly  revealing  its  high  rate  capacity.  To  sum  up,  at 
low  current  densities  from  0.5  to  2.0  A  g-1,  the  order  of  specific 
capacitance  is  as  follows:  UF-Ca-700-3:l  >  UF-Ca-800-3:l  >  UF- 
Ca-900-3:l,  proportional  to  their  nitrogen  contents  in  carbons. 
However,  specific  capacitances  of  the  UF-Ca- 700-3:1  /UF-Ca-800- 
3:1  samples  decrease  sharply  mostly  due  to  their  low  specific 
surface  area  and  total  pore  volume. 

Long  cycle  life  is  a  crucial  parameter  for  supercapacitors  elec¬ 
trode  materials  [38,39],  Fig.  7e  presents  the  specific  capacitance  of 
the  UF-Ca-900-3:l  sample  as  a  function  of  cycle  number.  Inter¬ 
estingly,  it  exhibits  a  very  a  stable  capacitance  (~  99.22%  of  the 
original  capacitance)  after  5000  cycles  of  charging  and  discharging, 
indeed  indicating  its  long-term  electrochemical  stability.  The  gal¬ 
vanostatic  charge— discharge  curves  of  the  1st  and  5000th  cycle 
toward  the  UF-Ca-900-3:l  sample  at  the  current  density  of  10  A  g  ’ 
are  shown  in  Fig.  7f.  In  particular,  the  inset  of  Fig.  7f  reveals  that  IR 
drop  (i.e.  potential  drop)  of  the  1st  cycle  is  much  lower  than  that  of 
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Fig.  7.  (a)  Cyclic  voltammograms  of  the  UF-Ca-900-3:l  sample  at  various  scan  rates;  (b)  Galvanostatic  charge-discharge  curves  measured  at  various  current  densities;  (c)  Gal- 
vanostatic  charge-discharge  curves  measured  at  the  current  density  of  10  A  g-1;  (d)  Specific  capacitances  at  various  current  densities;  (e)  Cycling  stability  of  the  carbon  samples;  (f) 
Galvanostatic  charge-discharge  curves  of  the  1st  and  5000th  cycle  toward  the  UF-Ca-900-3:l  sample  at  the  current  density  of  10  A  g 


the  5000th  cycle  at  the  very  beginning  of  the  discharge  processes, 
in  which  the  IR  drop  is  caused  by  the  overall  internal  resistance  of 
the  electrode  [40], 

Ragone  plot  is  commonly  utilized  to  illustrate  the  energy 
density  (the  storage  capacity)  as  a  function  of  power  density  (the 
rate  of  charge/discharge)  of  the  electrode  materials,  which  can  be 
calculated  according  to  the  equations  as  follows: 


where  E  (Wh  kg-1)  is  the  average  energy  density:  C  (F  g-1)  is  the 
specific  capacitance;  V  (V)  is  the  potential  window;  P  (W  kg-1)  is 
the  average  power  density  and  t  (s)  is  the  discharge  time. 

Fig.  8a  indicates  the  overall  Ragone  plots  of  the  present  carbon 
samples,  in  which  the  UF-Ca-900-3:l  sample  exhibits  the  mostly 
acceptable  performance.  More  precisely,  it  has  a  high  energy 


density  of  ca.  22.4  Wh  kg  1  at  a  power  density  of  ca.  0.25  kW  kg-1, 
and  a  high  power  density  of  ca.  20  kW  kg-1  at  an  energy  density  of 
ca.  11.5  Wh  kg-1.  The  present  values  for  energy  densities  are  much 
higher  than  those  of  commercial  carbon  supercapacitors  usually  as 
4-5  Wh  kg-1  [41  ],  as  well  as  the  Partnership  for  a  New  Generation 
of  Vehicles  (PNGV)  power  target  (namely,  15  kW  kg-1)  [42], 
Nyquist  plot,  also  known  as  electrochemical  impedance  spec¬ 
troscopy  (EIS),  shows  the  frequency  response  of  the  electrode/ 
electrolyte  system  and  is  a  plot  of  the  imaginary  component  of  the 
impedance  against  the  real  component.  The  Nyquist  plots  toward 
the  present  carbons  were  measured  before  and  after  100  cycles  and 
further  fitted  by  ZView  software,  as  indicated  in  Fig.  8b— c.  Each 
Nyquist  plot  basically  consists  of  a  depressed  semicircle  in  the  high 
frequency  region  and  a  straight  line  in  the  low  frequency  region.  In 
details,  the  semicircle  associates  with  the  surface  properties  of 
porous  electrode  and  corresponds  to  the  Faradic  charge-transfer 
resistance  [43].  The  slope  of  the  45°  portion,  as  dominated  the 
Warburg  resistance,  is  a  result  of  the  frequency  dependence  of  ion 
diffusion/transport  in  the  electrolyte  [44],  Moreover,  as  depicted  in 
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Fig.  8.  (a)  Ragone  plots  showing  energy  density  vs.  power  density  of  the  carbon  samples;  (b,  c)  Nyquist  plots  before/after  100  cycles  of  the  carbon  samples;  (d)  Equivalent  circuit 
modeling. 


The  overall  resistance  (Rt).  electrical  connection  resistance  (Re),  electrolyte  resis¬ 
tance  (Rs),  and  resistance  of  ion  migration  in  carbon  micropores  (Rp)  of  the  carbon 
samples. 


Samples 


UF-Ca-700-3:l  before  100  cycles 
UF-Ca-700-3:l  after  100  cycles 
UF-Ca-800-3:l  before  100  cycles 
UF-Ca-800-3:l  after  100  cycles 
UF-Ca-900-3:l  before  100  cycles 
UF-Ca-900-3:l  after  100  cycles 


Resistance  (Ohm) 

Rt  Rs  Re 

12.197  1.416  3.785 

12.281  1.370  4.096 

8.584  0.970  1.961 

9.530  0.978  2.454 

1.336  0.895  0.147 

1.405  0.848  0.240 


RP 

6.996 

6.815 

5.653 

6.098 

0.294 

0.317 


but  also  as  nitrogen  source  and  the  existence  of  nitrogen  incorpo¬ 
rated  into  carbons  can  benefit  for  the  increase  of  capacitive 
performance  for  supercapacitors.  (2)  The  residue  such  as  CaC03, 
CaO  and  Ca(OH)2  can  be  readily  removed  by  dilute  HC1  solution  at 
room  temperature,  which  avoids  the  use  of  toxic  reagents  such  as 
NaOH  and  HF  for  the  etching  of  conventional  silica  templates.  (3) 
The  surface  areas  and  pore  structures  of  porous  carbon  were  simply 
tuned  by  varying  the  mass  ratios  of  UF  resins-to-Ca(OAc)2-H20  and 
carbonization  temperatures.  (4)  The  UF-Ca-900-3:l  sample 
exhibits  excellent  long-term  electrochemical  stability  within  5000 
cycles.  The  nitrogen-doped  carbon  represents  an  alternative  elec¬ 
trode  material  for  supercapacitors,  which  can  potentially  be  applied 
for  large-scale  industrial  production. 


Fig.  8b-c,  each  semicircular  arc  after  100  charge-discharge  cycles 
has  slightly  increased  in  size  compared  with  that  of  the  pristine 
one,  primarily  revealing  the  increase  of  the  charge-transfer  resis¬ 
tance  [45].  The  EIS  can  be  fitted  by  an  equivalent  circuit  (Fig.  8d) 
consisting  of  electrical  connection  resistance  (Re),  electrolyte 
resistance  ( Rs )  and  resistance  of  ion  migration  in  carbon  micropores 
(Rp),  as  well  as  overall  resistance  (Rt),  and  the  resultant  values  are 
summarized  in  Table  3. 


4.  Conclusions 

In  summary,  a  template  synthetic  method  has  been  developed 
to  prepare  nitrogen-doped  porous  carbons,  using  UF  resins  as 
carbon  source  and  Ca(0Ac)2  -H20  as  hard  template.  This  approach 
has  several  advantages  for  the  synthesis  of  the  nitrogen-doped 
porous  carbon:  (1)  UF  resins  can  not  only  serve  as  carbon  source 
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